Citrobacter rodentium is a mouse-restricted pathogen that has long been used as an in vivo model for two important human intestinal pathogen enteropathogenic Escherichia coli (EPEC) and enterohaemorrhagic E. coli (EHEC). And yet, in contrast to E. coli, little is known about the bacteriophages (phages) -bacterial viruses -that infect C. rodentium, reflecting in part a need to isolate and compare phages associated with this bacterial species. Here, we isolated two novel virulent phages CrRp3 and CrRp10 that infect C. rodentium and conduct in vitro and comparative genomic studies with other, related phages. We show that CrRp3 should be considered as a new species within the genus Sp6virus in the family Podoviridae, having relatively close relations to E. coli phages K1-E and K1-5 in both gene content and genome organization. By contrast, CrRp10 genome is 98% identical to that of E. coli phage Ime09 and thus should be considered as a new strain of the latter phage. We provide evidence that genomes of CrRp3 and CrRp10 have been shaped by both horizontal genetic exchange and genetic drift. Furthermore, phylogenetic analyses showed that these phages are more closely related to E. coli phages than to those infecting members of the Citrobacter genus, suggesting that CrRp3 and CrRp10 may have evolved from E. coli phages following a host-switch event.
INTRODUCTION
The genus Citrobacter belongs to the family of Enterobacteriaceae and comprises eleven different species of facultative anaerobic Gram-negative bacilli, widely distributed in water, soil, food and intestinal tract of humans and animals. Previously recognized as colonizers with low virulence or environmental contaminants, they are now known to account for up to 6% of all nosocomially acquired life threatening Enterobacteriaceae infections, such as urinary tract, respiratory, wound, bone, bloodstream, and central nervous system infections (1, 2) . While the majority of human infections are caused by C. freundii and C. koseri, C. youngae, C. braakii, and C. amalonaticus are also important human pathogens, all of which are increasingly difficult to treat due to the rise of multidrug resistance (MDR) (1) (2) (3) . By contrast, C. rodentium is a naturally occurring mouse-restricted pathogen, which is genetically highly similar to the important human pathogens enteropathogenic Escherichia coli (EPEC) and enterohaemorrhagic E. coli (EHEC) (4) (5) (6) . Thus, C. rodentium has become an important in vivo model for several human intestinal diseases and disorders (7, 8) .
The prominent role of bacteriophages (phages) -viruses that prey on bacteria -in the functioning of the biosphere has been firmly established across different ecosystems (9) . Nevertheless, we have little knowledge on the role phages play in shaping bacterial population phenotypes in perhaps the most important and clinically relevant microbial ecosystem -the human microbiome. Despite knowing that antagonistic interactions between phages and bacteria play a key role in driving and maintaining microbial diversity, eco-evolutionary processes in humans and animals have not received much research attention (10, 11) . As both obligate parasites and vectors of horizontal gene transfer, a better understanding of phage strain diversification and how viral diversity might impact bacterial diversity and populations is required. Furthermore, there is renewed interest in the use of phages to eliminate or modulate bacterial population, namely phage therapy, partly due to their specificity for host bacterial species and ability to kill MDR pathogens (12, 13) .
Phages are the most abundant biological entities on the planet, with an estimated 10 31 present in the biosphere (9), suggesting there is an untapped biodiversity of Citrobacter phages. And yet, only a limited number of Citrobacter phages have been previously described, most of which only at the genome level. Furthermore, most previously characterized phages infect C. freundii, including putative members of the genera T4virus (Merlin, Miller, Moon) (14-16), FelixO1virus (Michonne, Mordin, Moogle) (17) (18) (19) , T1virus (Stevie) (20) , and T7virus (phiCFP-1, SH1, SH2, SH3, SH4, SH5) (21, 22) . Genome sequences are also publically available for the T7virus related phages CR8 and CR44b that specifically infect C. rodentium (23) . Among all these phages, only the C. freundii T7virus related phages have been experimentally studied.
In this study, we isolated and characterized two novel virulent phages, CrRp3 and CrRp10, which could infect and lyse the mouse-restricted intestinal pathogen C. rodentium, as well as several human intestinal pathogenic E. coli strains, suggesting these phages could be effective for their control. CrRp10 is, to the best of our knowledge, the first sequenced C. rodentium phage with a contractile tail, a hallmark of the family Myoviridae. Furthermore, comparative genomic analyses provide evidence that these phages may have evolved from E. coli Sp6-like and T4-like phages, respectively.
RESULTS

Biological characteristics of two novel C. rodentium phages.
We isolated phage strains vB_CroP_CrRp3 (CrRp3) and vB_CroM_CrRp10 (CrRp10) from different wastewater samples from Paris, France after they were found to form distinct clear plaques on the C. rodentium strain ICC180. Figure 1A shows characteristic transmission electron micrographs that revealed that the two phages have different Caudovirales morphotypes (24) . CrRp3 has an isometric (most likely icosahedral) head and a short tail, which implies this virus belongs to the Podoviridae family. By contrast, the elongated, likely icosahedral, head of CrRp10 is connected to a long tail covered with a clearly discernable sheath, characteristic of the Myoviridae family.
CrRp3 and CrRp10 both have the ability to reduce bacterial population growth in liquid culture; the more potent virus appears to be the Podoviridae CrRp3 (Fig. 1B) . That is, CrRp3 exhibited early lytic activity dynamics at the lowest multiplicity of infection (MOI; 0.001) tested that required ~60 min to show signs of reversing bacterial population growth, whereas CrRp10 required ~135 min. Increasing the phage concentration (i.e. higher MOIs of 0.1 and 10) abolished any differences in early lytic activity to initiate bacterial density reduction (Fig. 1B) . However, late lytic activity dynamics again revealed differences in lytic potency. CrRp3 was able to nearly eliminate bacterial density by ~2.2 h at each MOI tested, while CrRp10 required at least a further 30 min to show bacterial elimination (Fig. 1C) . Notably, however, whereas C. rodentium was able to gain resistance to CrRp3 infection within 4 h, no CrRp10-resistance cells have appeared for the duration of the study (Fig. 1C) .
Genome structure and general features. Furthermore, it appears that all C. rodentium phages, including CrRp3 and CrRp10, exhibit GC contents significantly lower than their host C. rodentium (54.5% GC content). Likewise, C. freundii displays a higher GC content (~51.5%) than phages infecting it, with the exception of SH4 (52.6% GC content) ( Table 1) .
The annotated features of the CrRp3 and CrRp10 genomes are listed in Table S1 and Table S2 , respectively. CrRp3 has a terminally repetitive dsDNA genome that consists of 54 coding sequences (CDSs) with 35% having putative functions. CrRp10 has a circularly permuted dsDNA genome that consists of 267 CDSs with 50% having putative functions and 10 tRNAs. CrRp10 to the best of our knowledge is the first member of the Myoviridae infecting C. rodentium to have its genome completely sequenced. Neither phage exhibited gene similarities to known bacterial virulence-associated genes or lysogeny-associated genes. Similarly, antibiotic resistance genes were not detected in either genome, which is consistent with previous findings of these genes being rare in phages (25) .
Phylogenetic analysis
Using the Genome-BLAST Distance Phylogeny (GBDP) method (26), we show that CrRp3 is more closely related to Podoviridae phages infecting Escherichia rather than those infecting any Citrobacter species. That is, Citrobacter (Table 1) and Escherichia (Table S3) phages display a heterogeneous clustering of closely related podoviruses into three distinct clades, each with a maximal branch support ( Fig. 2A) . CrRp3 clusters only with Escherichia phages in clade 1 (C1), whereas phages that infect the human pathogen C. freundii (phiCFP1, SH1, and SH2) cluster in clade 2 (C2) and (SH3 and SH4) clade 3 (C3). Interestingly, the only previously described C. rodentium phages, CR8 and CR44b, have genomes that also cluster in C3 despite, as previously mentioned, these phages having little protein sequence homology (Fig S1) . Lastly, phage CVT2 branches separately. This is not unexpected because CVT2 was isolated from the gut of termites on an uncharacterized Citrobacter species (27) .
The relationship of the CrRp10 genome with those of other Citrobacter and Escherichia myoviruses also shows a heterogeneous clustering (Fig. 3A ). CrRp10 groups with several closely-related (as judged from the short branch lengths) E. coli phages (Ime09, vB_EcoM_UFV13, slur02, slur07 and slur14) in C1. Other known Myoviridae phages, which infect C. freundii, are only distantly related to CrRp10 and other C1 phages, but also form mixed clades (C2-4) with Escherichia phages. Interestingly, C3 is composed almost exclusively of C. freundii phages (IME, CF2, Miller, CfP1, and Margaery); with the exception of the E. coli phage Lw1.
Comparative genomic analysis with other, related phages
To elucidate the potential mechanisms underlying the different host specificities of phylogenetically close phages, comparative genomic analysis was conducted using BLAST genome alignment. The genomic comparison at the amino acid level of CrRp3 and CrRp10 against all Citrobacter phages showed that they are unique among other sequenced Citrobacter phages (Fig. 4) . CrRp10 is most closely related with phage Moon, with an average amino acid identity of 70% over 50% coverage.
Nearly 91% of the CrRp3 genes had a best match among phages from the Sp6virus genus in the subfamily Autographivirinae (family Podoviridae), pointing towards a taxonomic relationship (Table S4 ). CrRp3 has the highest genome nucleotide and structure similarity to the E. coli phages K1-5 and K1-E, both of which belong to the Sp6virus genus (Fig. 2B ). Almost half of CrRp3 genes products have the best hits either in K1-5 or K1-E genomes (Table S4) . These, include the DNA and RNA polymerases, DNA ligase and major capsid protein as well as many hypothetical proteins. CrRp3 gene products that differ from K1-5 include the head tail connector protein, endolysin, tailspike protein, lyase, minor structural protein and several proteins with unknown function (Fig. 2B) . Interestingly, CrRp3 lyase and minor structural protein are the only gene products with similarity to those in Citrobacter phage CR8 (Table S1) . By contrast, CrRp10 genome shares significant synteny with the genome of E. coli phage Ime09 belonging to the T4virus genus in the subfamily Tevenvirinae (family Myoviridae) (98% nucleotide identity over the complete length) (Table S4, Fig. 3A) . There are few genome features unique to CrRp10 compared to Ime09, including considerable divergence within the tail fiber gene (3% dissimilarly over 80% of the length, at the protein level). Members of the T4virus genus are known to have an extended host range, largely due to their tail fiber proteins having a unique ability to bind to several outer membrane proteins or lipopolysaccharide (LPS) receptors (28) . Another striking feature of the CrRp10 genome is the recombination event, which resulted in the gain a dUTPase with high sequence similarity to that encoded by phage e11/2. This latter phage has been shown to infect the EHEC (29) , which suggests that CrRp10 might be a good candidate for development of a new therapeutic agent to inhibit important E. coli O157:H7 strains. Other recombination events in CrRp10 have added several putative endonucleases with high similarity to homologs in other related Enterobacteriaceae phages (Table S2) .
Lytic spectrum
Next, we tested the lytic spectrum of the virulent phages CrRp3 and CrRp10 along with other representative phages against various bacterial strains (Table 2) . While, in addition to their isolation strain of C. rodentium, CrRp3 could infect the E. coli strain K-12, while CrRp10 displays a much broader host range, including K-12 and several pathotype strains of E. coli, as well as the Erwinia carotovora strain CFBP2141. Although the E. coli phage LF82_P10 also exhibits a relatively broad host range (11), it cannot infect C. rodentium. Moreover, most of the E. coli as well as Pseudomonas aeruginosa and Serratia marcescens strains tested were resistant to both CrRp3 and CrRp10.
DISCUSSION
In this study, we report the genomic and phenotypic characterization of two novel virulent phages, CrRp3 and CrRp10, which infect the mouse-restricted pathogen C. rodentium. In addition to doubling the available C. rodentium phage genomes in the public databases, these phages provide new evolutionary relationships with the expanding group of viruses belonging to the Sp6virus and T4virus genera, respectively. CrRp10 is the first reported virulent Myoviridae family phage with complete genome sequence, as the genome sequence of the previously isolated and characterized C. rodentium Myoviridae phage phiCr1 remains unavailable (30) . CrRp3 and CrRp10 appear to be quite distantly related to the previously sequenced C. rodentium phages CR8 and CR44b (both members of the genus T7virus) (23) , as well as to other phages that infect the human pathogen C. freundii.
Comparative genomics analysis revealed that CrRp3 and CrRp10 may have evolved independently from closely related E. coli phages, presumably because it was advantageous to gain new specificities to infect C. rodentium and, as a result, occupy a new niche. The evolution of phages is a multifaceted and complex process, strongly influenced by genetic drift and horizontal acquisition of new genetic elements from various sources, including other phages (11) . Interestingly, the tail associated genes, in particular those encoding for the tail fibers responsible for host recognition, and endolysin gene from CrRp3 appear to have evolved the most from the presumably ancestral genes of E. coli phage K1-5 (Fig. 2B) . Phage K1-5 has been shown to exhibit two tail fiber genes, one carrying a lyase domain and the second one an endosialidase domain, which allow it to infect both E. coli K1 and K5 with different polysaccharide capsule types (31) . Interestingly, CrRp3 lyase is more closely related to that from the Citrobacter phages CR8 and CR44b (Table S1) , also known to infect C. rodentium, which suggests a mosaic genome structure that may be driven by recombination of modules from varied species. This is consistent with other phages of the genus Sp6virus, which exhibit a high genetic identity and structure (and highly specific RNA polymerase) (32) , with the modest differences observed in gene products implicated in adaptation to host constraints.
For most bacterial virus genera, 95% DNA sequence identity is used by the International Committee on Taxonomy of Viruses (ICTV) as the species demarcation criterion (33, 34) . CrRp3 is relatively closely related to E. coli Sp6-like phages K1-E and K1-5 in both gene content and genome organization, with which it shares 90% (over 76% of the genome) and 77% (over 75% of the genome) pairwise nucleotide identity, respectively. Accordingly, CrRp3 should be considered as a new species within the genus Sp6virus in the family Podoviridae (subfamily Autographivirinae). In contrast, CrRp10 genome is 98% identical to that of E. coli phage Ime09 and thus should be considered as a new strain of the latter phage. Notably, information about Ime09 is confined to the genomic analysis, whereas the details of its infection cycle and the host range (other than the isolation host) remain uncharacterized (35).
C. rodentium and E. coli pathotypes EPEC and EHEC are attaching and effacing (A/E) pathogens derived from a common ancestral origin (6) . However, the genome of C. rodentium exhibits several features typical of a bacterium that has recently passed through an evolutionary bottleneck, including several large-scale genomic rearrangements and functional gene loss in the core genomic regions (5, 6, 36, 37) . This has led researchers to postulate that C. rodentium may have emerged alongside the development of laboratory mice model of human E. coli infections (6, 37) . Several studies have demonstrated the reciprocal selection of phages on bacterial populations and bacteria on phage populations. There is also increasing evidence that this process can maintain phage diversity, influence phage virulence, and increase phage evolvability (11) . The genomic characteristics of CrRp3 and CrRp10 strengthen the hypothesis that their host C. rodentium has recently evolved from E. coli. Our work does not exclude the potential for isolation of other C. rodentium phages more closely related to phages infecting other Citrobacter species, such as C. freundii phages Merlin and Moon. Phages CrRp3 and CrRp10 exhibit polyvalence, infecting strain across several genera within the gramnegative Enterobacteriaceae, including Citrobacter, Escherichia, and Erwinia. By contrast, the previously characterized C. rodentium phage phiCR1, which targets lipopolysaccharide (LPS) as a receptor, was shown to be highly species-specific infecting only C. rodentium and not closely related Enterobacteriaceae, including C. freundii and E. coli (30) . Although, phiCR1 host range supports the general notion that phages are largely species-specific (38, 39), several other phages infecting various Enterobacteriaceae (38, 40, 41) and staphylococci (42) have also been demonstrated to be polyvalent. Polyvalent phages infecting strains across genera raise a question as to their so called "optimal" host and whether a phage's host should be inferred by genomic relationships rather than bacterial strain plaquing in vitro (43). This question becomes increasingly relevant for uncultivated phages discovered through metagenomic surveys.
Moreover, virulent phages similar to CrRp3 and CrRp10 are being re-investigated as potential antimicrobial agents to both combat bacterial diseases and the dissemination of MDR bacteria (12) . Because mice are resistant to EPEC and EHEC infections, C. rodentium is widely used as an in vivo model system for several important human gastrointestinal diseases (44, 45) . However, to the best of our knowledge, phages that infect C. rodentium have not yet been explored for antibacterial potential in preclinical animal models. The newly characterized C. rodentium phages, in particular the polyvalent Myoviridae phage CrRp10 resilient against resistance development (Fig. 1C) , may lead studies into innovative antimicrobial agents for food safety, veterinary and clinical use.
MATERIAL AND METHODS
Bacterial strains, phage isolation, and culture conditions The C. rodentium strain ICC180 (46) was used isolate phages from waste water. C. rodentium and other gramnegatives were grown at 37°C in Luria-Bertani (LB) medium on an orbital shaker. LB mixed with 1.5% agar provided a solid medium on which bacteria were cultured. Citrobacter phages were collected from Paris France municipal wastewater and isolated on lawns of early log phase seeded agar of C. rodentium. Select plaque lysates were serial passaged five times by spiking liquid ICC180 cultures grown to an optical density (OD) OD 600 0.25 with phages titer at a multiplicity of infection (MOI) of 0.1. When required, phage strains were further purified by cesium chloride density gradient (1.3, 1.5 and 1.6 g/ml) using ultracentrifugation at 140,000 g for 3 h. Single bands were dialyzed in cold H 2 O once and cold Tris buffer twice.
Phage characterizations
Phage inhibition of bacterial population growth was measured in changes in culture optical densitometry. Microtiter plate wells were filled with 100 µl of 2x LB concentrate spiked with 2 x10
6 CFU of C. rodentium strain ICC180. Phages were diluted in PBS and added to wells at different MOIs and PBS was added to achieve a total assay volume of 200 µL. A Promega GloMax plate reader was used to measure OD 600 nm at 15-min intervals for 18 h, while being incubated at 37°C and orbital shaken for 30 secs prior to each read. Phage host ranges were determined by spotting 4 µL of 10 7 PFU phages onto air-dried lawns of mid-log growing test bacteria strains on agar and grown overnight ( Table 2) .
Aliquots of 10 µl of cesium chloride purified phages dialyzed against Tris buffer were applied to carbon-coated copper grids, negatively stained with 2% uranyl acetate for 30 s and observed under a transmission electron microscope Tecnai Biotwin 120 FEI-1 (FEI Company, USA) operating at 120kV.
Genome sequencing and bioinformatics analyses
Phage DNA was extracted from sterile DNase and RNase pretreated cesium chloride purified phages by a phenol-chloroform extraction as previously described (47) . DNA samples were sequenced using an Illumina MiSeq (Illumina Inc., San Diego, CA) with 2x250 bp read length. For phage sequence analysis, the quality of Illumina reads was visualized by FastQC v0.10.1 Brabraham Bioinformatics (http://www.bioinformatics.babraham.ac.uk/projects/fastq c/). Quality controlled trimmed reads were assembled to a single contig using CLC Assembler (Galaxy Version 4.4.2). Protein-coding genes in the assembled contigs were predicted using Prodigal (48) , and tRNAs were predicted using tRNAscan-SE (49) . Additional annotation of genes was done by comparing against the NCBI NR, COG (50) , and TIGRfam (51) databases. In addition, genomes were also manually annotated using HHPRED server (52) . Genomic comparisons among related viral genomes and reference genomes were performed using tBLASTx or BLASTN (53) .
Phylogenetic trees
The phylogenies of phages CrRp3 and CrRp10 were constructed using VICTOR (54) . All pairwise comparisons of the nucleotide sequences were conducted using the Genome-BLAST Distance Phylogeny (GBDP) method (26) under settings recommended for prokaryotic viruses (54) . GBDP approach was used for phylogenetic inference from all publically available Podoviridae Citrobacter phages, including phages CR8 and CR44b that infect C. rodentium, and 37 of the closest related E. coli phages (Table S3 ). All available E. coli and Citrobacter phage genomes were downloaded from https://www.ncbi.nlm.nih.gov/genome/browse/. The resulting intergenomic distances (100 replicates each) were used to infer a balanced minimum evolution tree with branch support via FASTME including SPR post processing (55) Figure 2 . Genome structure and phylogeny of Citrobacter rodentium phage CrRp3. A) Genomic relationship of CrRp3 with other Citrobacter and Escherichia phages at nucleotide level. The tree shows bootstrap values (percentages of 100 replicates) below the branches and was rooted using Synechococcus phages as outgroup. Phages reported to infect C. rodentium are labeled in red and those that infect C. freundii and phage CVT22 are labeled in blue. B) Gene functional comparison of CrRp3 and E. coli phage K1-5. Genes are colored according to the relationship between CrRp3 and K1-5, with red labels being exclusive to CrRp3, yellow labels being exclusive to K1-5, while blue labels are homologous but highly variable. Gene products marked with (*) are those with some similarity to other Citrobacter phages (see Fig. 4 ). Gene functional comparison of CrRp10 and E. coli phage ime09. Genes are colored according to the relationship between CrRp10 and ime09, with red labels being exclusive to CrRp10, yellow labels being exclusive to ime09, while blue labels are homologous but highly variable. 
